Ground-water levels in the Floridan aquifer system within the greater Orlando metropolitan area are expected to decline because of a projected increase in the average pumpage rate from 410 million gallons per day in 1995 to 576 million gallons per day in 2020. The potential decline in ground-water levels and spring discharge within the area was investigated with a calibrated, steadystate, ground-water flow model. A wetter-thanaverage condition scenario and a drought-condition scenario were simulated to bracket the range of water-levels and springflow that may occur in 2020 under average rainfall conditions. Pumpage used to represent the drought-condition scenario totaled 865 million gallons per day, about 50 percent greater than the projected average pumpage rate in 2020.
Relative to average 1995 steady-state conditions, drawdowns simulated in the Upper Floridan aquifer exceeded 10 and 25 feet for wet and dry conditions, respectively, in parts of central and southwest Orange County and in north Osceola County. In Seminole County, drawdowns of up to 20 feet were simulated for dry conditions, compared with 5 to 10 feet simulated for wet conditions. Computed springflow was reduced by 10 percent for wet conditions and by 38 percent for dry conditions, with the largest reductions (28 and 76 percent) occurring at the Sanlando Springs group. In the Lower Floridan aquifer, drawdowns simulated in southwest Orange County exceeded 20 and 40 feet for wet and dry conditions, respectively.
INTRODUCTION
The greater Orlando metropolitan area, hereafter called the study area, encompasses about 2,500 square miles in east-central Florida and includes all of Orange and Seminole Counties, and parts of adjacent Lake, Volusia, Brevard, Osceola and Polk Counties ( fig. 1 ). Virtually all of the water used for municipal, industrial, and agricultural supplies in the study area is obtained from the underlying Floridan aquifer system. Groundwater withdrawals from this system are permitted by the St. Johns River and South Florida Water Management Districts (SJRWMD and SFWMD), the two State agencies largely responsible for managing the development of the resource within east-central Florida.
The U.S. Geological Survey (USGS) has described the hydrogeologic and water-quality conditions in the study area (Murray and Halford, 1996) . That study included a numerical model of ground-water flow (hereafter called the Metro model) that was constructed and used to evaluate the potential effects of projected groundwater withdrawals in the year 2010 on Upper and Lower Floridan aquifer heads and Upper Floridan aquifer springflow. In 1997, the water management districts requested that the USGS use the Metro model to simulate the potential effects of projected 2020 pumpage on water levels and spring discharge in the Floridan aquifer system.
Purpose and Scope
This report describes the results of a two-year cooperative study to evaluate the potential effects of projected ground-water withdrawals in the year 2020 on the Floridan aquifer system. These effects are defined in terms of simulated drawdown, relative to 1995 conditions, of water levels in the Upper and Lower Floridan aquifers, as well as reductions in the discharge from 15 Upper Floridan aquifer springs. The 1995 base was selected to reflect current conditions and is suitable as a comparative benchmark because (a) rainfall across the study area in 1995 totaled 51 inches, equal to the long-term annual average; (b) water levels were in a quasi steady-state condition (water levels fluctuated seasonally about the mean with relatively little difference between those measured at the beginning and at the end of the year); and (c) 1995 water-use data were readily available. Simulated results are bracketed to address boundary-condition limitations in the Metro model and to estimate a range of potential effects of 2020 pumpage under average rainfall conditions. Ground-water withdrawal rates specified in the 1995 and 2020 model simulations were provided by SJRWMD and SFWMD and are based largely on population projections. Average withdrawals in 1995 totaled 410 million gallons per day (Mgal/d), 75 percent of which was withdrawn from the Upper Floridan aquifer. The average withdrawal rate in 2020 is projected to increase to about 576 Mgal/d (891 cubic feet per second (ft3/s)), with 65 percent of the total pumpage coming from the Upper Floridan aquifer. The projected increase is attributed solely to increases in municipal, industrial, and commercial demands. Agricultural pumpage and discharge from abandoned flowing wells are assumed to remain constant at 1995 levels. The distributions and rates of pumpage from the Upper and Lower Floridan aquifers in 1995 are shown in figures 2 and 3, respectively. Included in these figures are withdrawal rates from a number of wells/wellfields that are scheduled to be abandoned by the year 2020. The distributions and rates of pumpage projected for the year 2020 are shown in figures 4 and 5 and include several new wellfields that will be developed to meet increased demands and to replace the abandoned wells. 
Hydrogeologic Conditions
The hydrogeology of the study area is characterized by a relatively thin, surficial sand aquifer underlain by the thick, highly-productive rocks of the Floridan aquifer system. The Floridan aquifer system is subdivided into two permeable zones, the Upper and Lower Floridan aquifers, separated by the less permeable middle semiconfining unit. The surficial and Upper Floridan aquifers are separated by the intermediate confining unit, an unconsolidated sequence of interbedded sands, silts, and clays of relatively low hydraulic conductivity. Hydrogeologic conditions in the greater Orlando metropolitan area are described more fully in Murray and Halford (1996) .
The Upper Floridan aquifer supplies about 75 percent of the study area's ground-water demand and is recharged by the surficial aquifer system, by lateral inflow across study-area boundaries, and by recharge from Orlando drainage wells and reclaimed water. Ground water in the Floridan aquifer system generally flows from the southwest to the northeast across the study area and is discharged primarily by wells and springflow. Smaller amounts of water are discharged by diffuse upward leakage beneath the St. Johns River and as lateral outflow across study-area boundaries.
SIMULATION OF GROUND-WATER FLOW
A three-dimensional numerical model was used to quantitatively analyze ground-water flow through the Floridan aquifer system. The McDonald and Harbaugh (1988) modular finite-difference model (MODFLOW) was used to simulate flow in the Floridan aquifer system and to solve the governing equations. The model grid defines a 40-row and 5 5-column matrix of cells, each about one square mile in area, that is vertically discretized into three layers. The surficial aquifer system was simulated as an array of specified heads in layer 1 that was a source or sink for the Upper Boundary conditions were simulated in the same manner as described by Murray and Halford (1996) .
Head-dependent flux boundaries were specified along the model perimeter, at Upper Floridan aquifer springs, and along the St. Johns River. Recharge to the Upper Floridan aquifer from drainage wells and reclaimed water was applied directly in the model with MODFLOW's Recharge package.
The Metro model was originally calibrated to 1988 steady-state and May 1990 transient conditions by comparing simulated Upper Floridan aquifer heads and springflow with observed levels (Murray and Halford, 1996) . Average 1988 conditions reflected a period of slightly above average rainfall, whereas May 1990 conditions reflected the end of a prolonged drought characterized by increased ground-water withdrawals (40 percent greater in May 1990 than the average for 1988) and declines in both surficial and Upper Floridan aquifer heads and springflow. Differences observed (or estimated) in water-table and spring-pool elevations, the stage of the St. Johns River, and recharge from drainage wells between 1988 and May 1990 were all accounted for by respective MODFLOW packages.
Approach Used to Bracket Results
For predictive 2020 simulations, the constraints imposed by model boundary conditions limit the usefulness of any single set of projected results. Because the surficial aquifer system is treated as a constant head and cannot be actively simulated, the levels and configuration of the water table under steady-state 2020 conditions could not be determined by the model, nor could these levels be specified a priori. Instead, a range of potential effects was bracketed by conducting two simulations once with fixed 1988 surficial aquifer heads and once with fixed May 1990 surficial aquifer heads. This approach assumed that, for average rainfall conditions, surficial aquifer heads in 1988 probably would be higher than actual 2020 heads because the latter may be lowered by increased ground-water withdrawals. Consequently, water levels simulated using the 1988 heads, and hereafter referred to as "wet" 2020 conditions, are probably higher than those steady-state levels that may occur in 2020.
However, the May 1990 heads reflect the peak of an extended drought and were near historic lows, and comparison of historic water-level, lake-level, and water-use data show that surficial aquifer heads are considerably more sensitive to deficit rainfall than to increases in ground-water withdrawals. Based on the severity of the 1990 drought and the responses of lake <r Q
and surficial aquifer water levels to previous but comparable increases in pumpage, it is assumed that, even though increased 2020 pumpage may induce some drawdown in surficial aquifer water levels, actual steady-state 2020 surficial aquifer heads will still be higher than those observed in May 1990. Consequently, water levels simulated for 2020 "dry" conditions should be lower than those that may occur in 2020 under average rainfall conditions. This same rationale was used in assuming that actual 2020 spring-pool heads, river heads, and drainage-well recharge rates would also fall somewhere between the fixed values specified in respective 1988 and May 1990 arrays. As a result, the water levels and springflow simulated by the model for the 2020 wet conditions (using the 1988 fixed-head and appliedrecharge arrays) and discussed in this report probably are too high, whereas the water levels and springflow simulated for the 2020 dry conditions (using May 1990 fixed-head and applied-recharge arrays) are too low.
Three simulations were performed for this study: (1) a 1995 steady-state base case; (2) a predictive 2020 simulation for wet conditions; and (3) a predictive 2020 simulation for dry conditions. Pumping rates used to simulate 2020 wet conditions were uniformly increased by a factor of 1.5 to simulate 2020 dry conditions and thus mimic the effects of increased ground-water withdrawals normally associated with droughts. The drought-multiplication factor of 1.5 was based on the percent of increase in pumpage between average 1988 rates and those observed in May 1990 (peak of the most recent and sustained drought period in central Florida).
All three simulations used the same model framework, data sets, and boundary conditions described by Murray and Halford (1996) except that specified 1988 general-head boundary (GHB) Upper Floridan and Lower Floridan aquifer heads were replaced by average 1995 heads at the lateral boundaries for the 1995 simulation. Average 1995 Upper Floridan aquifer heads were estimated from potentiometric-surface maps for May 1995 (Knowles and others, 1995 ) and September 1995 (O'Reilly and others, 1996 . These maps are assumed to represent water levels at the end of the dry and wet seasons, respectively. Lower Floridan aquifer heads specified at the lateral boundaries were assumed to be two feet lower than respective Upper Floridan aquifers heads in recharge areas, and two feet higher than Upper Floridan aquifer heads in discharge areas (Murray and Halford, 1996) .
For the 2020 simulations, projected GHB heads were estimated independently with the Regional Aquifer Systems Analysis (RASA) model (Tibbals, 1990) because simulated drawdowns intercepted the lateral boundaries, thus rendering the 1995 GHB heads too constraining for predictive purposes. The RASA model was used to estimate the change in 1995 water levels at the Metro model boundaries caused by the increase in pumpage from 1995 to 2020 for both wet and dry conditions. These changes were added to the 1995 GHB specified heads to estimate water levels for the predictive simulations. This approach was used previously by Murray and Halford (1996) to simulate the effects of projected 2010 pumpage.
Steady-State 1995 Conditions
The simulated potentiometric surfaces of the Upper Floridan and Lower Floridan aquifers for steadystate 1995 conditions are shown in figures 7 and 8, respectively. Water-levels simulated in the Upper Floridan aquifer range from greater than 120 feet above sea level in Polk County to less than 10 feet above sea level in northeast Seminole County. Except for northeast Seminole County, simulated water levels compare reasonably well with those inferred from the observed 1995 potentiometric surface (average of published May 1995 and September 1995 potentiometric surface maps).
The largest difference (up to 12 feet) between simulated and observed water levels occurs in north Seminole County near Lake Monroe and can be attributed to a difference between USGS and SJRWMD estimates of the amount of water being discharged from abandoned flowing wells in Seminole County. Based on available data, Murray and Halford (1996) originally estimated the discharge from these wells at about 12 Mgal/d (19 ft3/s), whereas the SJRWMD, for the 1995 conditions defined in this study, estimated a discharge of about 34 Mgal/d (53 ft3/s). It should be noted that any estimate of flowing-well discharge is highly speculative because the total number of wells in Seminole County is unknown and only a small fraction of the inventoried wells has been measured for discharge.
The relationship between model-simulated Upper and Lower Floridan aquifer water levels is consistent with data previously collected at Upper/ Lower Floridan aquifer monitoring-well clusters. In areas of recharge, where water from the surficial aquifer system is known to move downward into the Upper Floridan aquifer, water levels simulated in the Upper Floridan aquifer are generally higher than those simulated in the Lower Floridan aquifer. In discharge areas, where water moves upward from the Upper Floridan aquifer into the surficial aquifer system, water levels simulated in the Upper Floridan aquifer are lower than those simulated in the Lower Floridan aquifer. 
Simulation of Ground-Water Flow
The rates of recharge and discharge simulated by the model to, from, and between the Upper Floridan and Lower Floridan aquifers are quantified by the water budget shown in figure 9 . The surficial aquifer system provides most of the recharge to the Floridan aquifer system (851 ft3 
Projected 2020 Conditions
The steady-state Upper Floridan aquifer potentiometric surfaces simulated for projected 2020 wet and dry conditions are shown in figures 10 and 11, respectively. Simulated wet-condition water levels in the Upper Floridan aquifer (fig. 10 ) are considerably higher than those simulated for dry conditions ( fig. 11) , particularly in central Orange and north Osceola Counties where numerous high-capacity wellfields are located. Relative to 1995 conditions, drawdowns in the Upper Floridan aquifer for wet conditions range from less than 5 feet across most of the study area to greater than 10 feet over a broad area of central Orange County and at several high-capacity wellfields in southwest Orange and northwest Osceola Counties (figure 12). In one area of southwest Orange County, where several existing wellfields will be abandoned by 2020, water levels actually will recover as much as 20 feet. For dry conditions, drawdowns exceed 25 feet in central Orange County and in north Osceola County (figure 13). In south Seminole County, drawdowns of up to 20 feet are simulated for dry conditions. Drawdowns simulated for dry conditions range between 5 and 10 feet in the southern part of Seminole County, and less than 5 feet across the rest of the county. Discharge simulated by the model from Upper Floridan aquifer springs was reduced by 10 percent (from 292 ft3/s to 262 ft3/s) for wet conditions and by 38 percent (from 292 ft3/s to 180 ft3/s) for dry conditions (table 1) . Individual spring discharges were all reduced, with the largest reduction (28 and 76 percent) simulated at the Sanlando Springs group (Sanlando, Palm, and Starbuck Springs). Discharge from Wekiva and Rock Springs was reduced by 9 and 8 percent, respectively, for wet conditions, and by 33 and 26 percent for dry conditions.
Water levels simulated in the Lower Floridan aquifer for projected 2020 wet conditions (figure 14) are considerably higher than those simulated for dry conditions (figure 15). For dry conditions, computed water-level altitudes fall below 10 feet in several areas of central and southwest Orange County and in one area of east Seminole County. Maximum drawdowns occur at and near large wellfields in southwest Orange County and exceed 20 feet for wet conditions (figure 16) and 45 feet for dry conditions (figure 17). In both cases, simulated drawdowns exceed 5 feet across most of the study area. Differences between the drawdowns simulated for wet and dry 2020 conditions in the Upper and Lower Floridan aquifers are greatest in central and southwest Orange County (figs. 18 and 19) .
The water budgets shown in figure 20 quantify the rates of recharge and discharge simulated by the model to, from, and between the Upper and Lower Floridan aquifers for both wet and dry conditions, and the changes relative to 1995 conditions. As shown, increased ground-water withdrawals in 2020 are primarily compensated by increases in recharge from the surficial aquifer system and decreases in springflow. Relative to 2020 wet conditions, the 50 percent increase in ground-water withdrawals specified for dry conditions is compensated by increased recharge from the surficial aquifer system and by reductions in springflow, with smaller decreases in river discharge, diffuse upward leakage, and lateral outflow. v those that can be expected in 2020, while those simulated for dry conditions probably are lower than would be expected. Water levels and springflow simulated by the model for 1995 steady-state conditions were reasonably close to measured values, except in an area of north Seminole County where the discharge rate from abandoned flowing wells estimated by SJRWMD was greater than that originally used to calibrate the Metro model. Drawdowns simulated in the Upper Floridan aquifer exceeded 10 and 25 feet for wet and dry conditions, respectively, in parts of central and southwest Orange County and in north Osceola County. In Seminole County, drawdowns of up to 20 feet are simulated for dry conditions, compared with 5 to 10 feet simulated for wet conditions. In the Lower Floridan aquifer, drawdowns simulated in southwest Orange County exceeded 20 and 40 feet for wet and dry conditions, respectively. 
